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INTRODUCTION
Waterborne diseases caused by pathogens including bacteria, viruses and parasitic protozoa constitute a significant burden on human health in the developing part of the world and have resulted in a number of outbreaks in industrialised countries, where they also influence the endemic background level of disease. The pathogens within a watershed may originate from point sources, such as discharges of treated and untreated wastewater, and diffuse sources, such as manure runoff from agricultural land (Ferguson et al. 2003) . Pathogen concentration (or density) in surface water varies greatly, and particular events within the catchment can result in significantly higher levels for short periods of time (Kistemann et al. 2002; Tyrrel & Quinton 2003 ).
Short-term peaks in pathogen concentration may increase disease risks considerably, and may result in outbreaks of waterborne diseases when associated with insufficient treatment at the water treatment works (WHO 2004) .
Furthermore, by the time microbial contamination of distributed drinking water is detected, many people may already have been exposed. Measures to decrease the pathogen in the raw water, in combination with efficient water treatment, is therefore considered as important issues in preventing waterborne diseases.
Treatment failures do occur within the water treatment plants and have resulted in severe outbreaks. In a surface water supply in Milwaukee, USA in 1993, a malfunctioning doi: 10.2166/wh. 2007.139 filtration system in combination with a microbial peak event in the source resulted in the largest Cryptosporidium outbreak in modern times, with more than 400,000 estimated cases of watery diarrhoea (MacKenzie et al. 1994 ) and possibly 50-70 deaths (Hoxie et al. 1997) . The outbreak of E. coli O157:H7 and Campylobacter linked to a groundwater supply in Walkerton, Canada due to inadequate chlorination resulted in 2,300 estimated cases and 7 deaths (Hrudey & Hrudey 2004) . A large outbreak in Boden, Sweden, in 1988 due to non-functional chlorination resulted in 11,000 cases of illnesses from different pathogens including rotavirus (Andersson 1991) . Thus, failures in the drinking water treatment represent a health risk that may result in large outbreaks as catchments may be significantly impacted by numerous sources of pathogens.
These outbreaks have occurred in spite of the general monitoring of faecal indicators. These aim to identify the presence of pathogens in water; however, their validity depended upon the source(s) of microorganisms and distance from the source(s). Faecal indicators may emanate from different sources including humans, warmblooded animals (livestock, domestic pets and wild animals) and birds. However, microorganisms that are pathogenic to humans may be expected from only a subset of these. Moreover, the excretion of faecal indicators will exhibit less variability over time in comparison to pathogen concentrations due to prevalence. The adequacy of faecal indicators to identify pathogens is also dependent upon the distance from the source. Once outside their host and exposed to unfavourable environmental conditions, microorganisms are inactivated over time. The inactivation rate varies between organisms; faecal indicator bacteria have been shown to inactivate relatively quickly in comparison to many human pathogens (Medema et al. 1997; Allwood et al. 2003) . In particular, protozoa such as Cryptosporidium and Giardia, and viruses can persist for relatively long periods of time in environmental waters (Olson et al. 1999; Medema & Schijven 2001) . Therefore, as travel time from the source increases, the reliability of faecal indicators to identify the presence of pathogens is reduced.
In general, the pathogen concentration in treated drinking water is estimated to be low and these organisms are still complicated and time-consuming to detect. The pathogen concentration in finished water is expected to be well below limits of detection. Therefore the consumer exposure is estimated based on quantifying source water concentration and treatment removal performance for a given train of water treatment processes (Teunis et al. 1998) . Microbial indicator organisms in the drinking water indicate a risk; however, the detection of such organisms is not sufficient to estimate the pathogen levels. Bacterial indicator concentrations may be low suggesting safety, while persistent pathogens could still be present in potentially high concentrations (Horan 2003) .
Samplings for pathogens in the source water and assessing the reduction within the following treatment processes is a way forward to predict the risk from exposure to human pathogens in drinking water, as recently dealt with for a number of European drinking water treatment plants within the MicroRisk project (European Commission).
Quantitative microbial risk assessment (QMRA) is a tool that can be used to predict the risks to public health from waterborne pathogens present in drinking water systems, and models for a range of waterborne pathogens in drinking water have been developed (Gale 2003) . A previous microbial risk assessment study for one of the water treatment works in Gö teborg indicated that, for a number of selected etiological agents, the main impact on the annual infection risks (Cryptosporidium parvum, rotavirus and Campylobacter jejuni used as model pathogens)
were likely to be due to pathogens passing treatment during normal operation (Westrell et al. 2003) . In that study, based on literature data for the pathogen occurrence in surface water, the sensitivity analysis indicated that variability in raw water pathogen density was a major contributor to the overall risk and therefore indicated a need for site-specific pathogen sampling in general and to further evaluate the raw water supply system in Gö teborg.
In this study the occurrence and exclusion of E. coli and pathogens in the river Gö ta ä lv at the water intake to Gö teborg water treatment plants was investigated. The adequacy of an E. coli threshold as a determinant for pathogen-rich water was evaluated in relation to direct pathogen analyses and the implications of failure to exclude indicators/pathogens related to consumer risk of infection within a QMRA framework.
MATERIAL AND METHODS

Study area
In the city of Gö teborg on the Swedish west coast about half a million people are served with drinking water produced from the river Gö ta ä lv. Water from the river intake basin is transported directly to Alelyckan water treatment plant and to a lake reservoir (Delsjö n), thereafter supplying the second main water treatment plant (Lackarebä ck) of the city. The microbial point sources in the river Gö ta ä lv, upstream of the intake to Gö teborg, include eight municipal wastewater treatment plants and urban wastewater (e.g. combined sewer overflows) and stormwater discharges. The diffuse sources include surface runoffs with microbial loads from livestock and wild animals in the catchment area. To limit the impact of contaminated water on the water treatment plant, the intake can be closed during periods of river contamination peaks. This open and closure practice aims to provide a barrier to pathogen passage from catchment to consumer.
Peaks in pathogen concentration at the raw water intake are currently predicted by sampling and on-line monitoring of the water quality along the river, and by information about upstream events. The changes affecting microbial water quality is monitored by faecal indicator bacteria sampling and turbidity measurements at monitoring stations at the intake to Gö teborg and at stations located 10, 18 and 35 km upstream. In addition, specific contamination events upstream, such as a wastewater treatment plant overflow, are, to a varying extent, reported to the water treatment plant operator at Alelyckan. At the raw water intake to Gö teborg, the faecal indicator levels are compared with the former Swedish national standard for raw water quality (SLVFS 1989:30 ) that included guidelines for E. coli (500 CFU 100 mL 21 ) and total coliforms (5,000 CFU 100 mL 21 ). The threshold value for intake closure for E. coli is arbitrarily set to 400 MPN 100 mL 21 to be well below the target value. The intake at the river remains closed until a subsequent water sample yields results below this threshold. During the years 2001 to 2004 the threshold of E. coli was exceeded in 50 samples and for total coliforms in 15 samples.
Microbial sampling
Regular monitoring
Regular monitoring during 2004 of indicator bacteria at the intake from the river Gö ta ä lv and at Alelyckan raw water included analysis for total coliforms and E. coli (three samples per week), intestinal enterococci (monthly) and sulfite-reducing clostridia (three samples per week). Analysis for the pathogens Giardia and Cryptosporidium were performed six times during the year at the two water treatment plants.
MicroRisk sampling program
A monitoring programme with microbial sampling at the raw water intake in the river Gö ta ä lv was undertaken over and results from the MPN method (ColilertY) was combined, as previous site-specific data from these two methods have provided comparable results (Braathen et al. 2005) . 
Evaluation of MicroRisk dataset
Consumption
Data on drinking water consumption in Sweden was taken from Westrell et al. (2006) . Daily consumption (in mL) was best fit by a lognormal distribution (m ¼ 6.61, s ¼ 0.57).
Dose -response functions
Published dose -response functions from the literature were applied in the risk model to estimate the probability of infection as listed in Table 2 .
For all beta-Poisson models, low doses were approximated using the exponential model with
This is the expected value of the beta distribution. The beta-Poisson approximation is given by the equation
which holds when b $1 and a # b (Furumoto & Mickey 1967) .
1 When counts are assumed to be generated from a Poisson (random) process, then the probability of counting n organisms given a mean concentration (m) and sample volume (V) is given by PðnjVÞ ¼ ðmVÞ n e 2ðmVÞ n . 2 Assuming the above Poisson distribution of organisms, the probability of obtaining a negative result is given by: Pð0jV Þ ¼ e 2ðmVÞ . Hence the probability of a positive result is given by:
Risk characterisation
The risk model was simulated to estimate the probability of infection for the consumer when peak pathogen concentrations are allowed to intrude to the treatment plant intakes. The treatment performance required in order to achieve the level of 1 infection per 10,000 persons (10 24 ), a benchmark accepted by the USEPA, was assessed in the evaluations. The annualised probability of one or more infections (P ann ) was calculated using the following equation: 
RESULTS
The overall reduction in E. coli concentration as a result of the operation of the intake closure barrier is illustrated in Figure 1 . The difference between the PDFs demonstrates the reduction in frequency of high E. coli concentrations following the intake barrier. 65 of the 829 river samples (7.8%) exceeded the threshold, in comparison to 8 of the 729 samples (1.1%) from the treatment plant intake. These exceedences demonstrate events when the operation procedure failed to eliminate water deemed to be of 
Teunis et al. (1996) unacceptable quality according to the protocol, or there was a raw water shortage.
In the analysis for pathogens during the sampling programme, half of the samples (12 out of 24 samples)
were negative for all pathogens. The indicator concentrations for every sample positive for at least one human pathogen are summarised in Table 3 . The first three samples, positive for Giardia or Cryptosporidium, were taken during nominal conditions when the intake was open.
In these samples the microbial indicator concentrations were relatively low and E. coli was well below the threshold.
The next two samples were positive for Cryptosporidium and Giardia (samples 4 and 5). In connection to these samples, elevated levels of E. coli and total coliforms (8200 and 100,000 MPN L 21 ) were observed in samples at the station 35 km upstream the intake to Gö teborg.
Only one of the samples was positive for Campylobacter (from 1 December) but other tested pathogens were absent in this sample. None of the samples were positive for E. coli O157. Pathogen detections were in several instances associated with high rainfall, either on the same day or accumulated during four days prior to the sampling (Table 3 ).
In Figure 2 and 23 October) after the discharges on 19 October.
Pathogen event concentrations
The estimated pathogen concentrations in river water sampled at the intake during the event from 21 -25 October are summarised in Table 4 . The estimated concentrations for entero-and noroviruses were several orders of magnitude higher than for the parasites and the uncertainty in the predicted concentrations was indicated by the high credible limits. Only one sample was positive for Campylobacter and the concentration estimate given in the table is based on only that one positive result.
QMRA results
The probability of infections calculated using the QMRA model with the MLE values of the event pathogen concentration (samples 6 -12, Table 4 ) are shown in Table 5 . These results describe a situation where the intake is open and the pathogens, originating from a sewer emergency discharge upstream, are allowed to penetrate the drinking water treatment. Such a situation may occur either as a result of an unregistered high pathogen level or in the case of raw water shortage, e.g. the reservoir (the lake Delsjö n) is not able to provide with raw water. According to Two plots are presented in order to illustrate the results for Cryptosporidium (Figure 3(A) ). Firstly, assuming that the How well does the observed elimination of E. coli achieved by the water intake regulation reflect the elimination of human pathogens? The weakness of using a threshold for E. coli as an indication for pathogen occurrence was illustrated for the sewage emergency discharge in the municipality 40 km upstream of the intake.
During this event, positive pathogen data coincided with E. coli quantities below the arbitrarily set threshold level.
Without the aid of direct reporting, this incident would not have been identified until 3 d after the first positive pathogen samples at the intake. In this example, the action taken based on the reporting of upstream incidents was the key to the efficiency of the intake closure as a barrier.
The drawbacks in relying on different faecal indicators to assess the pathogen load in environmental samples has been summarised by Ashbolt et al. (2001) . In Finnish lakes and rivers, Hö rman et al. (2004) concluded that, while the As shown in Figure 2 , the levels of E. coli increased during the duration of the event and a similar trend was observed for the other indicators. If the present action threshold level of E. coli at the intake is lowered the intake will be closed more frequently, but would not guarantee a lower annual probability of infections; rather it would lead to raw water shortage.
Additional safety may instead be gained by reducing the impact from pathogen sources and frequency of risk events upstream as verified by monitoring. As seen in the present study positive pathogen detections were, in general, associated with previous rainfalls, as has also been well reported in the literature (Atherholt et al. 1998; Kistemann et al. 2002; Signor et al. 2005) . In Gö ta ä lv, significant Concentrations during periods considered as events were similar to the background level measured by regular monitoring at Alelyckan. Given that parasite peaks in the river actually were sampled, this either means that human sewage discharge events do not have a significant impact on Cryptosporidium and Giardia concentrations at the intake, or that event concentrations regularly penetrate the barrier (intake) undetected. A high survival is reported for Giardia
and Cryptosporidium compared to other microorganisms (deRegnier et al. 1989; Medema et al. 1997 ) and may therefore survive transport from far upstream in the river.
The higher detection frequency for these protozoa compared to the other pathogens probably also resulted The regulation of the raw water intake at the river Gö ta ä lv exemplifies a risk management strategy that is not commonly practiced in other parts of Sweden. In general, the objective with risk management is to reduce the risk to an acceptable level and to minimise risk by optimising the reduction throughout the system including all available barriers (Deere et al. 2001) . Expected ranges of pathogen reduction given for the major water treatment steps in Alelyckan water treatment plant are reported in Table 6 based on studies published in the literature. Chlorination (Figure 4 ). From the literature data in Table 6 , a treatment removal can be expected for Cryptosporidium and Giardia in the range of 1.6 to 5.7 log units. Given a mean value of the reduction at 3.4 log, and a nominal concentration at zero oocysts per litre, this means that the tolerable annual risk level is exceeded for
Cryptosporidium already within one week of these parasite levels in the raw water, given a penetration of the intake microbial barrier. Assuming a nominal concentration at 0.016 oocysts, the corresponding probability for infection increased to levels constantly above the threshold, indicating an inadequate treatment for this organism at the water treatment plant. A lower risk was calculated for the Giardia where literature data for the treatment (Table 6) indicate that the infection risk is kept below the tolerable risk level for longer event periods. The results for Giardia indicated that the current level of treatment would effectively cope with events lasting for over 100 d given nominal concentrations at zero, and up to 50 d given nominal concentrations at 0.0079 cysts per litre.
During the evaluated sewage emergency discharge event, the viruses were estimated at higher concentrations compared to the parasites. Given the assumptions of the QMRA model, and that the expected treatment performance is between 3 -6.7 log (Table 6) A limitation of focusing on an annualised probability of infection is that moderate pathogen loading events of moderate duration may be potentially equated with high pathogen loading events of short duration. These two scenarios are not equivalent from a public health point of view, particularly with regard to the outbreak potential of short-term peaks in the probability of infection. The daily event risks (Table 5) show the magnitude of these potential risk peaks. A scenario where a pathogen loading event coincides with some form of treatment failure may further increase the peak daily infection risk.
CONCLUSIONS
In this study, the microbial risk due to drinking water consumption was assessed from the occurrence of faecal indicators and pathogens in a river source water. Closing the raw water intake in the river protects the water treatment against pathogen penetrations and therefore serve as a microbial barrier. The efficiency in this barrier was shown to depend upon the closure precision with respect to high pathogen loads in the river. With the present pathogen removals at the water treatment plant the infection risk was calculated in a QMRA model. Given that the intake is not closed in time, the results show that the annual risk level associated with a sewage emergency discharge may be acceptable with respect to Giardia, at a borderline for Cryptosporidium and not sufficient for noroand enteroviruses. This emphasises the need for the additional microbial barrier created by an effective raw water intake regulation. Rather than using a threshold level on E. coli as a guide for this regulation, information sent about microbial discharges upstream was shown to be helpful within this regulation practice.
